We propose a chaotic inflation model in supergravity based on polynomial interactions of the inflaton. Specifically we study the chaotic inflation model with quadratic, cubic and quartic couplings in the scalar potential and show that the predicted scalar spectral index and tensor-to-scalar ratio can lie within the 1σ region allowed by the Planck results.
There is overwhelming observational evidence for inflation in the early Universe [1] . Not only does the inflation provide beautiful explanations for the observed homogeneity and isotropy of the Universe, but it also predicts tiny density fluctuations with distinct properties; namely, they are nearly scale-invariant and Gaussian. Both properties have been confirmed with unprecedented accuracy by the Planck satellite [2] . The last missing piece toward the observational confirmation of the inflation theory will be detection of the primordial gravitational waves generated during inflation. Although the strength of the gravitational waves depends on inflation models, a simple class of models, called chaotic inflation [3] , predicts gravitational waves with a large amplitude within the reach of the Planck satellite and future CMB observation experiments.
The recent Planck observations have tightly constrained possible inflation models [2] . Specifically, a chaotic inflation model based on a quartic potential is highly disfavored by the observation, and that based on a quadratic potential is marginally consistent with the observation at 2σ level. Those with a linear or fractional power potential lie outside 1σ but within 2σ allowed region. When combined with the polarization data, the Planck data will be able to discover or put even severe constraints on those inflation models.
The inflaton field slowly rolls down to the minimum of its potential during inflation, and it travels more than the Planck scale in the chaotic inflation. In order to control the inflaton dynamics over such large variation, it is worthwhile to build a successful chaotic inflation model in a framework of supergravity or superstring theory. In this letter we extend the chaotic inflation model in supergravity proposed by Kawasaki, Yamaguchi, and one of the present authors (Yanagida) [4] , by allowing higher order interactions of the inflaton in the superpotential.
We start with the following Kähler and superpotentials,
where φ and X are chiral superfields, and c 1 , and d i are real and complex numerical coefficients, and the dots represent higher-order interactions. In the following, the first term in the superpotential, d 0 , is taken to be zero by an appropriate shift of φ.
Here and in what follows we adopt the Planck unit where M P ≃ 2.4 × 10 18 GeV is set to be unity. The Kähler potential respects a shift symmetry φ → φ + iC with a real constant C. Thanks to the shift symmetry, the imaginary component of φ,
, does not appear in the Kähler potential, which enables us to identify ϕ with the inflaton.
, on the other hand, receives supergravity corrections and cannot go beyond the Planck scale. We also assume that X and φ have an R-charge +2 and 0, respectively. The superpotential terms involving φ explicitly break the shift symmetry, and hence |d 1 |, |d 2 |, · · · are much smaller than unity, and can be viewed as the order parameters of the shift symmetry breaking.
In our analysis we focus on the d 1 and d 2 terms in the superpotential, and drop the higher-order terms, assuming they are sufficiently suppressed.
for later use. For the moment we take c 1 = 0, and the effect of non-zero c 1 will be discussed later.
Substituting (1) and (2) into the general expression for the scalar potential in supergravity
a This type of generalization was considered in Refs. [5, 6] . In Ref. [5] , it was pointed out that the form of the superpotential, W = Xφ n , leads to a chaotic inflation based on ϕ 2n potential. General inflation models based on W = Xf (φ) were studied in Refs. [6, 7] . See Refs. [8] [9] [10] for the realization of inflation models based on a linear or fractional power potential in supergravity and also Refs. [11] [12] [13] in string theory. b This will be the case if the effective cut-off scale in the superpotential is more than one order of magnitude larger than the Planck scale.
we find
Here we have assumed that both σ and X are stabilized at |σ| ≪ 1 and X ∼ 0 due to the higher order terms in the Kähler potential (1) . Note that W is suppressed due to X ∼ 0, which enables the inflation for ϕ ≫ 1. The schematic picture of the scalar potential is shown in Fig. 1 for a few different values of θ. The quadratic chaotic inflation model is reproduced in the limit of λ → 0. For sin θ > 0, the second term in (4) gives a negative contribution to the scalar potential, making the potential flatter or negatively curved at large ϕ. It is worth stressing that a variety of the inflation models can be realized simply by taking the d 1 and d 2 terms in (2) with a different relative phase. Note that this is effectively a single-field inflation, since the other degrees of freedom can be safely stabilized during inflation. Before proceeding further, let us mention the works in the past. In Ref. [14] , the inflation model based on the scalar potential equivalent to (4) was studied in a non-supersymmetric framework, where the inflaton is a real scalar field. Recently, the model was revisited and its global supersymmetric extension was proposed in Ref. [15] , where it was shown that the predicted spectral index and the tensor-to-scalar ratio can be consistent with the Planck data for θ ≈ π/2. However, the inflaton is a complex scalar field and it is not clear how to stabilize the inflationary trajectory for θ = π/2. We also note that, in supergravity, the large expectation of their W would lead to a negative scalar potential for the inflaton field value greater than the Planck scale, spoiling the inflation. This is known as one of the difficulties to implement chaotic inflation in supergravity with a single superfield. The latter problem can be avoided in the no-scale supergravity [16] [17] [18] . Now let us continue with our discussion of the inflation model (4). The global shape of the potential depends on the relative phase θ as shown in Fig. 1 . In a case of θ = π/2, there appear one local maximum at ϕ = m/( √ 2λ) ≡ ϕ t and two degenerate minima at ϕ = 0 and 2ϕ t .
c For smaller values of θ, the minimum at ϕ = 0 is lifted. As long as there are such local minimum and maximum, the initial value of the inflaton field should be below the local maximum since otherwise the inflaton would be trapped in the false vacuum. The false vacuum disappears for | sin θ| < 2 √ 2/3. In this case successful chaotic inflation takes place for an arbitrary large initial field value [3] . Interestingly, if the relative phase θ marginally satisfies c In the case of θ = π/2, the inflaton dynamics is equivalent to that in the spontaneous symmetry breaking model first considered in [19] . See also Ref. [20] .
FIG. 1:
The schematic picture of the scalar potential (4).
the inequality, there appears a flat plateau at around ϕ = ϕ t . As we shall see shortly, the predicted spectral index as well as the tensor-to-scalar ratio are then significantly modified and they can lie within the 1σ allowed region. The chaotic inflation with quadratic potential, V = m 2 ϕ 2 /2, is reproduced in the limit ϕ t ≫ O(10). As mentioned before, the model is at odds with the recent Planck result at the 2σ level. An interesting situation appears when ϕ t ∼ O(10). In this case, the last 50 or 60 e-foldings of the inflation occurs around ϕ ∼ ϕ t where the potential is flatter due to the contribution from the ϕ 3 and ϕ 4 terms. As a result, the inflation energy scale can be significantly lowered compared with the quadratic chaotic inflation model, when the Planck normalization of the density perturbations is imposed. Thus it will be able to relax the tension between the prediction of the chaotic inflation model and observations.
We have numerically solved the equation of motion of ϕ with the scalar potential (4) and calculated the scalar spectral index, n s = 1 − 6ǫ + 2η, and the tensor-to-scalar ratio, r = 16ǫ, where 2ǫ = (V ′ /V ) 2 and η = V ′′ /V evaluated at ϕ = ϕ(N e ) [21] . Here ϕ(N e ) is calculated from
where ϕ end denotes the field value at the end of inflation, at which max[ǫ, |η|] = 1. The results are shown in the top panel of Fig. 2 N e = 60 (red, solid) and 50 (red, dashed) together with observational constraints from the Planck satellite [2] . Here we have taken θ = 23π/60, which marginally satisfies the condition for the disappearance of the false vacuum leading to a flat plateau in the inflaton potential. In the bottom panel of Fig. 2 , results for various values of θ are shown for N e = 60. We can clearly see that almost entire region allowed by the Planck data can be covered by our model, and importantly, the predicted value of r is testable in future/on-going B-mode polarization search experiments. Note that the predicted (n s , r) lies within the 1σ region for θ = π/3 ∼ π/2. In the following we take θ = 23π/60 unless otherwise stated. In Fig. 3 , the scalar spectral index as a function of ϕ t is shown. It is seen that in the large ϕ t limit, the prediction approaches to that of the chaotic inflation with quadratic potential, as expected. By choosing ϕ t = O(10), the predicted n s and r can lie within the 1σ region allowed by the Planck data. In particular, the predicted r is testable in future/on-going B-mode polarization search experiments. While the predicted n s and r depends only on m/λ, the Planck normalization of the CMB anisotropy fixes a relation between m and λ. We have confirmed that they are approximately given by m ≃ (1 − 2) × 10 13 GeV and λ < ∼ 5 × 10 −7 for the spectral index allowed by the Planck data as shown in Fig. 4 . In terms of d 1 and d 2 , they are roughly related to each other as |d 2 | = O(0.01)|d 1 | for the parameters of our interest.
The reheating can be induced by introducing the following coupling to the Higgs doublets in the superpotential:
with a numerical constant κ. This allows the φ(X) decay into the Higgs boson and higgsino pair. Note here that φ and X are maximally mixed with each other to form the mass eigenstate around the vacuum. The reheating temperature is estimated as
Therefore, thermal leptogenesis [22] works, and the Wino LSP produced by the decay of thermally produced gravitinos can account for the observed dark matter abundance in a heavy gravitino scenario. Finally we mention the gravitino production from the inflaton decay [23] [24] [25] [26] . Assuming that the dominant channel of the gravitino production is that through the inflaton decay into the hidden hadrons [25] , the gravitino abundance is given by
where n 3/2 and s are the gravitino number density and the entropy density, respectively. Thus the gravitino abundance crucially depends on the VEV of the inflaton, and its impact on cosmology depends on the gravitino mass. In general, c 1 in (1) is non-zero and then the VEV is effectively given by φ ∼ c 1 . To be concrete, we assume a heavy gravitino, m 3/2 = O(10 − 100) TeV. Then we need c 1 < ∼ 10 −3 to avoid the overproduction of the LSPs produced by the gravitino decay. Alternatively, if the R-parity is violated by a small amount, the LSPs thus produced soon disappear before the big-bang nucleosynthesis begins. There is no cosmological gravitino problem in such a case. In summary, we have proposed a polynomial chaotic inflation model defined in (1) and (2) . Focusing on the d 1 and d 2 terms in the superpotential, we have shown that it is possible to realize a wide variety of inflation models due to the different relative phase θ. Importantly, the inflation dynamics is described by single-field inflation, since the other degrees of freedom can be safely stabilized. We studied the inflaton dynamics for various values of θ, and showed that the predicted spectral index and tensor-to-scalar ratio can lie within the 1σ region allowed by the Planck results for π/3 < ∼ θ < ∼ π/2. Interestingly, the tensor-to-scalar ratio is relatively large, and will be testable in future/on-going B-mode polarization searches.
